ABSTRACT: Genetic and physiological responses of flounder Platichthys flesus populations to chemical stress were investigated in 3 highly contaminated French estuaries (the Vilaine, Loire and Gironde) and compared to those observed in the Ster estuary, considered as a reference site because of its reletively low level of contamination. In the Vilaine, Loire and Gironde populations, multi-loci heterozygosity (allozymes: PGM, GPI-2, MPI, IDHP, AAT-1, AAT-2) was lower than in the reference site. The mean growth rate was measured by back-calculation from otoliths, and the mean condition factor corresponded to the somatic weight:fish length 3 ratio. The fish from contaminated estuaries displayed lower values for both parameters than those from the Ster. Among the alleles, PGM 85, AAT-1 95, and to a lesser extent MPI 90, MPI 95 and IDHP 90, could be considered as 'resistant' to contamination. In contaminated estuaries, these alleles were carried by individuals that displayed good fitness, measured as high DNA integrity (low coefficient of variation of DNA content in blood cells) by flow cytometry. The frequencies of these alleles were also more elevated compared to fish from the reference site. Moreover, the comparative analysis of the relationships between genotypic and phenotypic responses of flounder populations to pollution in the 4 studied estuaries highlighted some specificity in relation to contamination typology.
INTRODUCTION
An emerging topic in ecotoxicology concerns changes observed in the genetic material of pollutant-exposed populations through direct DNA damage, selection, bottleneck or genetic drift (Bickham et al. 2000 , Theodorakis 2001 ). Modifications of allelic or genotypic frequencies in a population submitted to pollution may reduce its adaptability to new environments. Allozyme markers have been successfully used to evaluate the impact of chemical stress, particularly on the genetics of fish populations settled in heavily contaminated rivers (Gillespie & Guttman 1993 , Benton et al. 1994 , Foré et al. 1995 . In North America, where the most contaminated rivers display a high proportion of 'resistant' genotypes to pollution, monitoring of particular allelic frequencies for specific allozymes in fish populations could become, in the future, an efficient tool to survey water quality (Heithaus & Laushman 1997) .
Numerous chemicals in the field produce different levels of DNA damage, e.g. DNA strand breakage, chromosomal aberrations, micronuclei formation and variations in nuclear DNA content, which can be assessed by various techniques (Shugart 1999) . Because such DNA damage may be associated with some component of fitness, e.g. growth rate, condition factor and fecundity, it can provide information on contaminant-induced effects as well as exposure (Shugart & Theodorakis 1994 , Theodorakis et al. 1997 , Steinert et al. 1998 . In some heavily contaminated rivers, specific genotypes observed in fish populations have been clearly related to particularly low levels of DNA damage, and are thus considered as being 'tolerant' to pollutants (Larno et al. 2001) .
The investigations reported here deal with the genetic and physiological responses of European flounder Platichthys flesus populations to contaminants in 3 highly polluted French estuaries (the Vilaine, Loire and Gironde) and a moderately contaminated one (the Ster), hereafter named 'the reference site'. The previous, and first, exploratory survey conducted on a limited number of populations in some of these highly contaminated sites showed a higher occurrence of particular genotypes in fish displaying high DNA integrity (Laroche et al. 2002) . The present study was aimed at (1) confirming the general trends previously observed by more extensive analyses on a larger spatio-temporal scale; and (2) exploring the possible relationship(s) between the specific genetic and physiological responses displayed by these contaminated populations, and the chemical typology in the estuaries of concern.
MATERIALS AND METHODS
Biological model. The European flounder Platichthys flesus is a benthic flatfish commonly distributed in the East Atlantic Ocean. Along the French Atlantic coast, this species lives as a juvenile in estuaries and brackish waters for 2 or 3 yr before it migrates to marine waters to reproduce, from January to March. Post-spawners are generally dispersed in coastal waters from spring to fall. A few individuals recolonise the estuaries in spring, whereas numerous adults stay in marine waters after reproduction (Masson 1987) . During the juvenile period in coastal waters, flounders are pervasively exposed to contaminants and have been the subject of numerous studies throughout Europe on the effects of xenobiotics on their organs and populations (Allen et al. 1999 , Broeg et al. 1999 , Williams et al. 2000 , Winzer et al. 2002 .
Study sites. Fish were collected in the polyhaline zone of 4 estuaries (Fig. 1) . One of them, the Ster basin, is characterised as the 'reference site' in this study because it receives reduced inputs of domestic and agricultural effluents, and no industrial waste. Its low level of contamination has been confirmed by the detection, in mussels, of reduced concentrations in xenobiotics ( Fig. 1 for location) in order to underline its high level of contamination, which is similar to those reported in heavily polluted estuaries of North America (Munschy et al. 1997) . Mussels from the Seine and Loire estuaries contain similar amounts of heavy metals and display a significant level of contamination by cadmium; on the other hand, organic pollutants were 2 or 3 times less concentrated in the Loire than in the Seine. The Gironde estuary is characterised by significant levels of heavy metals (zinc, cadmium and copper) compared to the previous systems, i.e. Loire, Seine, and Ster. No similar data are available for the Vilaine estuary, but water analyses carried out between 1996 and 1999 demonstrated particularly high levels of pesticides (Atrazine, Diuron, Isoproturon) (Forget 1998 , SAGE Vilaine 1999 as a result of intensive agriculture, which remains as the major anthropogenic activity in this basin. Sample strategy and processing. Flounders were caught with gillnets from the Ster and Loire at different times: January and June 2001, January 2002; and April 2001 and May 2002, respectively . The average age of the sample populations was assessed from otolith observation at the ± 95% CI, and their sex ratios (SR) corresponded to the male:female ratio. A total of 79 and 103 fish were captured from the Ster and Loire, respectively, and the population characteristics were: SR = 0.22, average age = 3.16 ± 0.39 yr; and SR = 0.65, average age = 2.28 ± 0.13 yr, respectively. Trawls were used to collect 30 fish from the Vilaine in April 2002 and a total of 60 fish from the Gironde in November 2001 and March 2002. Their characteristics were: SR = 0.76, average age = 2.1 ± 0.35 yr; and SR = 0.19, average age = 2.38 ± 0.39 yr, respectively.
The flounders were anesthetized with MS222, and ca. 750 µl of blood was collected from the caudal peduncle of each individual using a syringe containing 750 µl freezing medium (Vindelov & Christensen 1990) . The blood collected was expelled slowly into a cryo-vial on ice, then placed in dry ice for 30 min, and finally frozen in liquid nitrogen. The total length and somatic weight (total weight less gonad and stomach-content weight) of each fish were measured. Liver and muscle samples were collected and flash-frozen in liquid nitrogen for genetic analyses. All the samples were carried to the laboratory and stored at -80°C until use. Otoliths were extracted from the skull and preserved in alcohol.
Genetic markers. Allozymes were selected after looking at previous studies carried out on the European flounder; those chosen had generated reliable results and consistent polymorphism (Berrebi 1988 , Borsa et al. 1997 , Laroche et al. 2002 . Muscle and liver extracts were prepared and zymograms were obtained by migration on starch gels according to Borsa et al. (1997) . By using either muscle (m) or liver (l), 6 polymorphic loci were tested, i.e. PGM (m), GPI-2 (m), MPI (l), IDHP (m), AAT-1 (m) and AAT-2 (m) (see nomenclature by Shaklee et al. 1990) .
Physiological markers. Analysis of otoliths from European flounders is rather easy, especially when a reflected light is used on the sagitta. This allows detection from a central point, called the nucleus, of successive white and dark zones; the former are large and produced during the spring to autumn period when growth is fast, whereas the latter are reduced and occur over the winter to spring period. Four otolith parameters were measured through image processing (UTHSCA Image Tool v.2): the maximum radius or maximum distance from the nucleus to the periphery (R); the length at the beginning of the first winter (R 1 ); the length at the end of the first winter (R 2 ); and the length at the beginning of the second winter (R 3 ).
We used linear regression to estimate the relationship between the total length (L t ) of a fish and R: L t = (aR) + b (where a and b are constants estimated from measurements of otoliths carried out on 282 individuals). For every fish, L t was measured at 3 different times: beginning of its first winter (L 1 ); end of its first winter (L 2 ); and start of its second winter (L 3 ). These different lengths were computed by back-calculation as follows:
The maximal growth rate of flounder is observed during its first 2 yr (Masson 1987) , thus, in this study the individual growth rate (GR) was estimated over 1 yr from the difference between L 3 and L 1 . When fish were too young to measure L 3, their growth potentials were compared using L 2 . The age of each fish was also assessed by counting the winter zones of the otolith, in order to explore possible relationships between genetic and/or physiological variables and age.
The condition factor is given by the relation K = Pe/L 3 , where Pe is the somatic weight (g) and L is the total fish length (mm); it was used to investigate possible changes in energy reserves under chemical pressure.
Change in the DNA content was estimated from blood samples by flow cytometry. Mutagenic agents (e.g. PAH, heavy metals, hydrocarbons) cause chromosomal damage, e.g. deletions, breaks, translocations, loss. When unrepaired, these damages can be transmitted to descendant cells, potentially causing variation in the DNA content in the cells of a single individual. Prior to analysis, blood samples were rapidly thawed to 4°C, then stained with propidium iodide for at least 30 min (Vindelov & Christensen 1990 ). To control the variations in flow-cytometry conditions, blood from a single rainbow trout Oncorhynchus mykiss was used as an internal standard and added to each flounder's blood sample. DNA profiles from stained erythrocyte nuclei (20 000 nuclei at least) were generated on a Becton Dickinson FACSCalibur flow cytometer. Halfpeak coefficient of variation (CV) of blood-cell DNA content was determined for each profile with WinMDI 2.8 software. The final comparisons were made with CV data from individuals that displayed normal and symmetrical DNA profiles; samples whose histograms revealed multiple peaks or other asymmetries were discarded. The variability in flow-cytometry conditions was assessed from the profiles characterised by a rainbow trout CV between 2.5 and 2.8. Our assumption was that clastogenic effects of contaminants could result in higher individual CVs, in agreement with previous literature reports about turtles, frogs and fish (Bickham et al. 1988 , Easton et al. 1997 , Lowcock et al. 1997 . Finally, high CVs are likely associated with significant variation in the DNA content of the sample cells, and thus to high chromosomal damage.
Statistical analyses (physiological parameters).
A Kolmogorov-Smirnov test was used to determine whether the physiological data (K, GR, DNA damage) were normally distributed in the different study populations. The homogeneity of variances was tested with Bartlett and log ANOVA tests. Once normality and homogeneity of variances was confirmed, ANOVA and Student-Newman-Keuls (SNK) tests were carried out to compare the physiological responses of flounders in the different estuaries.
Genetic analysis. The allelic frequencies at the 6 selected loci, the observed multilocus heterozygosity (Ho), the heterozygosity based on Hardy-Weinberg expected values (He), and allelic diversity (mean number of alleles per locus) were all calculated per population with the GENETIX 3.0 software (Belkhir et al. 1996) . Differences in heterozygosity between the polluted and control sites were evaluated with a paired t-test using locus as the unit of replication (Leberg 1992) . Within each population, deviation from HardyWeinberg equilibrium was determined by computing the inbreeding coefficient (Fis) as follows: Fis = (He -Ho)/He. The significance of Fis was assessed by a Fisher's exact test using the GENEPOP 3.2a software (Raymond & Rousset 1995) .
Allelic frequencies were analysed locus by locus to detect possible heterogeneity between the reference site (the Ster) and the contaminated estuaries (the Vilaine, Loire and Gironde). Chi-square tests were conducted for the PGM locus, whereas GPI-2, MPI, IDHP, AAT-1 and AAT-2 were analysed through Fisher's exact tests, with some alleles of these last 5 loci being rare. A population differentiation coefficient (Fst) was computed using the GENETIX 3.0 software (Belkhir et al. 1996) . Fst significance was assessed by permuted data sets (1000 permutations).
Relationships between genotypes and phenotypes using multifactorial analysis. For each estuary, principal component analysis (PCA) was first conducted on quantitative data, i.e. physiological parameters and individual heterozygosity; the results were expressed on a correlation circle related to the ordination of these variables on the main factorial plan. Secondly, a Hill & Smith synthetic analysis (Hill & Smith 1976 ) was carried out to compute both the genetic and physiological variables, in order to establish the relationship between them on the main factorial plan. The multivariate analyses were all performed with the ADE-4 software (Chessel et al. 1995) .
RESULTS

Genetic variability
In contaminated systems the observed heterozygosity fell to between 0.121 and 0.144, and was lower than in the reference site ( For each estuary, χ-square tests showed no temporal variability in allelic frequencies over the study period; therefore, the different samples collected in each estuary were pooled (Table 2 ). The frequencies of the PGM 85 and AAT-1 95 alleles were more elevated in the heavily contaminated estuaries than in the reference site; for PGM 85, the increase was statistically significant for the Vilaine population (χ 2 = 9.8; p < 0.005), but not significant for the Loire and Gironde sites. On the other hand, none of the increases observed in AAT-1 95 frequency were statistically significant (Fisher's exact tests with p > 0.05). As for the PGM 100, MPI 90, MPI 95, MPI 105 and AAT-1 110 alleles, a decrease in their respective frequencies was observed in the contaminated estuaries with respect to the Ster (Table 2 ), but these changes were not statistically significant (χ 2 tests and Fisher's exact tests with p > 0.05). For the GPI-2 90 allele, the Table 2 data shows a particular trend: from the Ster to the Loire, this allele frequency increased, though not significantly (Fisher's exact test with p > 0.05).
For each estuary, Fis was computed and found not to be significantly different from zero; this suggests that the reference and contaminated populations were all at Hardy-Weinberg equilibrium. Assessment of the differentiation index, Fst (Table 3) , showed significant genetic differentiation between the paired populations of the different estuaries, with the exception of the Gironde-Loire pair (p > 0.05). Over the whole data matrix (Table 3) , the most significant paired genetic differentiations were found between the Ster and the contaminated estuaries.
Physiological responses
The linear regressions between L t (in mm) and R K data were not pooled over the different sampling dates by estuary (Fig. 2) because of their possible relationship with season (Lambert & Dutil 1997) . The ANOVA and SNK analysis showed that the 3 samples from the Ster collected in January and June 2001 and January 2002 displayed a significantly higher K than those found for the fish from the other estuaries (p < 0.05).
The CV-data obtained by flow cytometry on fish blood were also analysed with respect to sampling date and estuary in order to discern possible seasonal variations (Fig. 2) . According to ANOVA and SNK analyses the samples collected from the Ster in Janu- 
Relationships between genotypes and phenotypes
To carry out the factorial analysis for the reference estuary, the samples collected in June 2001 and January 2002 were pooled. Fig. 3A illustrates the PCA (correlation circle) and highlights the relationships between quantitative data. It also shows a positive correlation between CV (half peak coefficient of variation of fish blood) and the estimated length of 1 yr old fish (L 2 ). One should note that the correlation between CV and total fish length is less marked. The relative orthogonality between the heterozygosity (H-) vector and the CV-and L 2 -vectors shows a lack of correlation between these parameters.
The second part of the factorial analysis on the Ster estuary focused on possible relationships between qualitative and quantitative data using the synthetic analysis of Hill & Smith (Fig. 3B) . Forty percent of the total variance was explained by the main factorial plan (Axes 1 and 2). The PGM 85/85 genotype appeared to be related to a relatively high CV, i.e. significant DNA damage, and high growth potential (elevated L 2 ). On the other hand, heterozygotes for the PGM locus (PGM 85/100) maintained their DNA integrity more efficiently, as shown by their low CVs; moreover, their growth was slow. No particular trend was detected for the most common genotype, PGM 100/100, localised near the origin of the axes. The AAT-1 100/110 genotype was also found to be related to high DNA integrity and moderate growth.
As for the Vilaine estuary, the correlation circle showed a strong negative correlation between H and CV, i.e. the most heterozygous fish maintained the highest DNA integrity (Fig. 4A) . The orthogonality between the CV-H and K-vectors indicated no relationship between them. The first 2 axes of the Hill & Smith analysis (Fig. 4B ) explained ca. 36% of the total variance. The individuals with the PGM 85/100 genotype maintained their DNA integrity better than the homozygous PGM 100/100 situated on the upper left side of the graph (high DNA damage). The MPI 90/100, AAT-1 95/100 and MPI 100/105 genotypes displayed high DNA integrity and GR. GPI-2 90/100 was associated with a high K. The factorial analysis on the sample collected in May 2002 within the Loire estuary showed a positive, though limited, correlation between CV, L 2 and GR on the correlation circle (Fig. 5A) ; moreover, these last variables were negatively correlated with K. A total of 34% of the total variance was explained by the first 2 axes of the Hill & Smith analysis (Fig. 5B) . From left to right in the diagram, the first genotype observed is PGM 85/85 (high DNA integrity, low GR, high K), then PGM 85/100, and finally PGM 100/100 (low DNA integrity and high GR). The MPI 90/100 and MPI 100/105 genotypes showed a reduced ability to maintain their DNA integrity, but showed a high GR and low K.
The correlation circle for the Gironde estuary (Fig. 6A) showed a strong negative correlation between CV and GR, i.e. the individuals that maintained their DNA integrity displayed an elevated GR. Heterozygosity (H) was not related to CV and appeared to be negatively correlated to fish longevity. Axes 1 and 2 of the Hill & Smith analysis (Fig. 6B) explained 40% of the total variance. The MPI 90/100, IDHP 90/100 and AAT-1 95/100 genotypes showed high DNA integrity and GR in contrast to the AAT-1 100/110 genotype.
DISCUSSION
Genetic responses to chemical stress
The genetic variability (heterozygosity) observed in the contaminated estuaries, i.e. the Vilaine, Loire and Gironde, was lower (but unsignificantly so) than in the reference site (the Ster). In a previous study on European flounder (Laroche et al. 2002) , a similar trend was noticed in the Loire estuary, whereas heterozygosity remained unchanged in the Seine. A decrease in genetic variability may result from genetic bottleneck, drift, historical factors (phylogeography), and/or possible selection of 'tolerant' genotypes (Delpledge 1996 , Shugart & Theodorakis 1998 , Bickham et al. 2000 , Staton et al. 2001 . A genetic bottleneck is unlikely because the flounder sites of reproduction are clearly located outside the estuaries, which thus allows intensive gene flow between neighbouring estuaries or brackish waters (Berrebi 1988) . Usually, genetic drift is observed in the field only in very small populations, which makes this assumption unlikely in the large contaminated estuaries where the flounder populations remain relatively numerous, regardless of the river system. It is improbable that such a reduced genetic variability results from historical factors because the flounder populations appear genetically homogeneous over a large area, extending from Portugal to Brittany (Berrebi 1988 from major cities, which receives a complex mixture of contaminants that can act strongly in heterozygote selection (Larno et al. 2001 , Laroche et al. 2002 . In the present study, genetic differentiation (Fst for paired populations) was more marked when contaminated populations were compared to the reference one than when comparison was limited to between contaminated populations. This observation suggests that contamination affects genetic diversity. Alterations of genetic diversity due to chemical stress have been reported in several populations in the field (Heithaus & Laushman 1997 , Bickham et al. 2000 , Theodorakis 2001 . Since chemical stress in Europe is currently spreading over more extended coastal zones, it may, as a result, lead to significant genetic erosion on impacted flounder populations by decreasing their adaptability to new environmental stress, and increasing the probability of their extinction.
The allelic frequency-distribution highlights convergences among contaminated estuaries. The increase of the PGM 85 frequency between the reference site and the 3 contaminated estuaries ranged between 2 and 18%. Modifications on the PGM locus have already been reported in populations experiencing chemical stress by heavy metals, HAP, PCB, pesticides etc. (Foré et al. 1995 , Hebert & Luiker 1996 , Heithaus & Laushman 1997 , Sullivan & Lydy 1999 , Moraga & Tanguy 2000 . Other authors described a 7 to 11% increase in a pollutant-tolerating allele of PGM in 2 heavily contaminated populations of a freshwater fish compared to a pristine population (Larno et al. 2001) , and confirmed this trend over the whole Rhône River basin. Our investigations on flounder populations have led us to believe that contaminants act as selective agents on the PGM locus. Alternatively, one might also consider a relationship between the distribution of PGM alleles and a significant cline with latitude; however, the lack of geographic variation for PGM allozymes makes this assumption unlikely (Oakeshott et al. 1981) .
In comparison with the reference flounder population, those from the contaminated estuaries displayed an elevated AAT-1 95 allele frequency and lower frequencies for PGM 100, MPI 90, MPI 95, MPI 105 and AAT-1 110. No particular trend was noticed between pollution and either GPI-2 or IDHP allele distributions.
Physiological responses to chemical stress
The average GR was significantly higher in the Ster estuary than in the contaminated ones; this observation agrees with that of a previous study (Laroche et al. 2002) . Indeed, along the Atlantic French coast, between the Seine in the north and the Gironde in the south, GR was ca. 90 mm yr -1 and nearly half that observed in the reference estuary (GR Ster ≈ 160 mm yr -1 ). These data strengthen the hypothesis of a connection between GR and chemical contamination, though it should be considered cautiously as many non-pollution related variables, e.g. ambient temperature, nutrient inputs, water flow and drainage basin area, likely impact fish growth in a specific estuary.
The mean K estimated in the 3 samples from the Ster showed a limited temporal variability and remained higher than those found in contaminated samples; this observation confirms again the low K-value previously detected in the anthropogenically impacted Seine estuary (Laroche et al. 2002) . The reduced Ks observed in the present study for the polluted estuaries suggest a fish response to chemical contamination through a limited accumulation of energy in muscles. However, their temporal variation in the Loire and Gironde systems is affected not only by pollution, but also by food availability in the environment, growth rate, maturation, and fecundity (Lambert & Dutil 1997) ; fish harvesting period affects all these parameters. The fish sampled in the Ster estuary were generally older (mean age = 3.16 yr) than those from contaminated estuaries (between 2.1 and 2.38 yr). Different catch efficiencies associated with different fishing gear and/or a higher longevity of the flounder in the reference system may explain the observed difference in age, which could modify the reproductive status of the sample and introduce a bias in the analysis of K between estuaries.
The coefficient of variation of DNA content of blood cells indicated particularly high DNA damage in January (2001 and in the Ster. An intermittent contamination of this estuary in January 2001 was assumed because of the occurrence of unusual iridescence on the water's surface (Laroche et al. 2002) ; it was followed by a recovery period, as indicated by the lower average CV in June 2001. As already stated, the older age of fish from the Ster may also explain the high CV since a positive linear relationship was found between CV and individual age for all the data combined.
The average CVs estimated from fish sampled in the Ster (June), the Vilaine (April), the Loire (May) and the Gironde (November) are not significantly different, but lower than the values found in the reference site in January. This observation suggests that in chronically contaminated estuaries there exists a possible selection of individuals for their ability to repair DNA damage and/or protect their DNA. Thus, it is not necessarily the case that these fish systematically display higher DNA damage compared to individuals from the 'reference site', i.e. those not chronically contaminated (McFarland et al. 1999 , Larno et al. 2001 ).
These preliminary investigations on the physiological responses of flounder populations to contamination in the field highlight the need for future research into the number of pollution-unrelated variables likely to interfere with responses to chemical stress. They should consider fish-intrinsic factors such as sex, age, nutritional status, reproductive and developmental status, and external factors such as season and water temperature. Table 4 sums up the main trends seen in this study and the previous one (Laroche et al. 2002) regarding the relationship between flounder genotypes and phenotypes in the Loire, Vilaine, Gironde, Ster and Seine estuaries, with respect to the physiological and genetic parameters: CV, GR, K and H, and genotypes associated with DNA integrity or damage.
Genotype-phenotype coupling
The Seine and Loire estuaries are both subjected to diffuse contamination by a complex mixture of chemicals with, however, PAH and PCB concentrations 2 to 3 times lower in the Loire (RNO 2001) . Table 4 shows that in these areas the individuals that are most able to maintain their DNA integrity display the lowest GR; the same trend is also observed in the Ster estuary. GR is an essential component of individual fitness, but too fast a rate sometimes lowers stress resistance. Fast-growing juveniles tend to be more sensitive than adults to stress-caused damage (Hoffmann & Parsons 1991) . Similar observations were reported in minnow populations under experimental conditions, where contamination counterselected fast-growing fish (Schlueter et al. 1997 ). The trend reflected by the condition factor associated with the Seine and Loire differs: K is unrelated to CV in the former and negatively correlated to CV in the latter (Table 4) . Among individuals from the Loire, the ones that efficiently preserve their DNA integrity still store glycogen in their muscles, whereas in the Seine, individuals cannot do this, most likely because of a higher stress level. Above a certain chemical stress threshold, heterozygosity (H) seems to be necessary for survival; this would explain the higher DNA integrity noticed in the heterozygous fish from the Seine estuary; this relationship is not observed in the Loire estuary (Table 4) . Similar observations have been reported for radionuclides-exposed sun perch (Shugart & Theodorakis 1994 ) and mercury-exposed gambusia (Diamond et al. 1989) .
The Vilaine and Gironde estuaries both display specific pollutant typologies. The former is characterised by high pesticide contamination and low metal pollution (Forget 1998) . Table 4 shows the lack of correlation between CV and GR or K, and shows a negative correlation between CV and H. In this system, het- Laroche et al. (2002) erozygous individuals are also the most efficient at maintaining their DNA integrity. The Gironde estuary contains a high level of heavy metals. In this particular chemical context, the individuals that efficiently maintain their DNA integrity display high GR and low K, in contrast with the previous trends discussed earlier about diffuse contamination in the Loire and Seine. Over the 5 estuaries considered, differences in energy allocation may explain the various trends observed in the relationships between the different physiological responses, as well as between physiology and heterozygosity. Organism adaptation to contamination implies energetic costs (Forbes 1999) ; according to the pollutant nature and concentration, the energetic balance would redistribute more or less energy towards particular functions of the organism (reparation/protection of the DNA, growth, energy storage, etc.) in order to ensure better fitness. Table  4 illustrates that the Seine and Loire populations display similar trends, whereas those from the Vilaine and Gironde respond in a different way. Thus, these data corroborate the pollutant typology of the different contaminated estuaries along the French Atlantic coast.
The nature of the genotypes, associated with either DNA integrity or DNA damage, highlights numerous convergences between the different estuaries (Table 4) , especially for the PGM, AAT-1, MPI and IDHP loci. The PGM 85 allele, whose frequency is increased in contaminated estuaries, is suspected to be indirectly or directly selected by chemical pressure; this allele is clearly associated with a low CV (at least in the Seine, Loire and Vilaine) and, consequently, with high DNA integrity. This suspected 'pollution tolerant character' to contamination is either linked to a homozygous state, PGM 85/85 (the Seine and Loire), or to a heterozygous state, PGM 85/100 (Vilaine). Moreover, the most common genotype, PGM 100/100, in these 3 contaminated estuaries seems to be 'pollution-sensitive', as displayed by a high CV, whereas in the reference estuary, the PGM 85/85 genotype is clearly counter-selected (highest CV) (Table 4) . Therefore, a genotype termed as 'selected' in a highly contaminated system could be considered as 'counterselected' in systems with low-level contamination (Chagnon & Guttman 1989) .
On the other hand, Table 4 shows that, in the Gironde estuary, no differential fitness associated with the PGM 85 allele, and more generally with the PGM locus, is observed. The phosphoglucomutase enzyme (PGM) needs metal cofactors to function (Milstein 1961) . This suggests that the very high heavy-metal content of this estuary induces metal competition with PGM cofactors, which partially inhibits enzyme activity and annihilates the potential differences between the activities of allelic variants.
The frequency of the AAT-1 95 allele is higher in the contaminated estuaries (the Seine, Loire, Vilaine and Gironde) than in the reference estuary, whereas the genotype AAT-1 95/100 displays a low CV in these contaminated areas with, however, the exception of the Loire (Table 4) . Therefore, the AAT-1 95/100 genotype could also be considered a 'pollution-tolerant' genotype. Conversely, the AAT-1 100/110 genotype is associated with a certain 'sensitivity' to contamination in the Gironde (high CV), whereas in the reference site it is associated with a high DNA integrity (low CV) ( Table 4) . AAT-1 110 illustrates again the possible 'selection'/'counter-selection' with respect to contamination level within the estuary; this hypothesis is reinforced by the lower frequency (or even disappearance) of this allele in the Seine, Loire and Gironde.
In this study, the increase in the PGM 85 and AAT-1 95 allele-frequencies in contaminated estuaries vs the reference system is rather limited, ca. 2 to 3%. The high gene flow from breeding areas into the contaminated estuaries likely homogenises genetic diversity, and partially masks the selective chemical-related pressure. More generally, gene flow from neighbouring populations may slow down the speed at which the population adapts to pollutants, and thus prevents further detection of 'resistant' alleles at the population level (Taylor & Georghiou 1979 , Roush & McKenzie 1987 . The exceptional increase of 18% for the PGM 85 allele in the Vilaine population could result from selection induced by a simpler mixture of contaminants compared to other estuaries; contaminant complexity likely lowers selection intensity for the individual toxicants (Klerks 1999).
In conclusion, the present study, on a more extensive dataset than previous studies, confirms the validity of the genetic and physiological markers used in our previous survey of polluted flounder populations (Laroche et al. 2002) . For contaminated populations considered individually, (1) particular alleles and genotypes are likely indirectly or directly selected by chemical stress and display higher DNA integrity over the whole population; and (2) the relationships between genotypes and phenotypes highlight specific elements of the population response in relation to pollutant estuarine typology.
